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Mechanisms of local protein quality control in the presynaptic nerve terminal remain largely unknown. In this
issue of Neuron, Uytterhoeven et al. (2015) describe a form of synaptic endosomal microautophagy control-
ling protein rejuvenation, critical for optimal synaptic activity.The main biosynthetic and protein quality
control machineries of a neuron are
located in the cell body. The axon that
emanates from the cell body can trans-
verse vast distances, up to a meter in
the case of a human spinal motor neuron
(an unimaginable 30 m for a blue whale),
before making a synaptic contact on
a target tissue. Thus, the presynaptic
compartment must function somewhat
independently of the cell body. The most
striking example of this autonomous
function is seen with the exo/endocytic
recycling of synaptic vesicles, wherein
vesicles undergo continuous rounds of
exocytic fusion and neurotransmitter
release followed by local reformation
and neurotransmitter loading (Kononenko
and Haucke, 2015). The synaptic vesicle
cycle is the primary source of activity-
driven metabolic need in the nervous sys-
tem, and this massive demand is fed by
local ATP production (Rangaraju et al.,
2014). With these robust metabolic and
membrane trafficking activities comes a
requirement for local protein quality con-
trol, as proteins are subjected to wear-
and-tear including oxidative stress, and
yet the mechanisms that maintain quality
control of synaptic proteins remain largely
unknown.
Eukaryotic cells have evolved multiple
mechanisms to turnover non-functional
proteins, including proteosomal degrada-
tion of soluble proteins, endosomal/lyso-
somal sorting of transmembrane proteins,
and autophagy. There are three main
types of autophagy, which likely co-exist
in all mammalian cells: (1) macroautoph-
agy, where portions of cytosol or entire or-
ganelles are engulfed by a double mem-
brane structure before transport to and
fusion with lysosomes; (2) microautoph-agy, where cytosolic proteins are seques-
tered directly by the lysosomal mem-
brane; and (3) chaperone-mediated
autophagy, where cytosolic proteins with
a specific tag are recognized by the heat
shock cognate protein 70 (Hsc70), which
targets them to the surface of lysosomes
for translocation through a protein pore
to the lysosomal lumen (Cuervo, 2010).
More recently, a unique form of microau-
tophagy called endosomal microautoph-
agy has been described. Specific cyto-
solic proteins (marked with the same tag
as those undergoing chaperone-medi-
ated autophagy) are recognized by
Hsc70, which targets them to the surface
of late endosomes, where they undergo
inward invagination for delivery to intralu-
minal vesicles of a multivesicular body,
with eventual degradation in lysosomes
(Sahu et al., 2011). Autophagy pathways
control numerous cellular functions and
have thus received extensive study, and
yet it remains unclear whether any of
these autophagic mechanisms function
at synapses. In this issue of Neuron,
Verstreken and colleagues demonstrate
endosomal microautophagy activity in
Drosophila synapses and provide insight
into its mechanism of function and regula-
tion (Uytterhoeven et al., 2015).
Following from a rationale that most
autophagic processes require membrane
remodeling, Uytterhoeven et al. (2015)
devisedan in vitroscreen, inwhicha library
of neuron-enriched Drosophila proteins,
expressed in bacteria,were tested for their
ability to deform fluorescently labeled
membrane vesicles. Among the numerous
proteins identified, including several with
defined membrane-deforming activities,
was Hsc70-4, which is 87% identical to
mammalian Hsc70 and conserves all keyNeuron 88, Ndomains. In addition to its roles in auto-
phagy, Hsc70 facilitates the proper folding
of newly translated or misfolded proteins
(Liu et al., 2012), yet a role for Hsc70
in membrane deformation had not been
reported. Uytterhoeven et al. (2015)
confirmed Hsc70-4-mediated membrane
tubulation in vitro and demonstrated that
it requires Hsc70 oligomerization. More-
over, expression of Hsc70-4 in yeast leads
to enhanced formation of intraluminal tu-
bules and vesicles in the vacuole (equiva-
lent of amammalian lysosome) supporting
that themembrane deforming activity also
functions in vivo. Hsc70 is composed of
an N-terminal ATPase domain, followed
by a binding domain for client substrates
and a C-terminal domain that contains
a polybasic stretch required for electro-
staticmembrane interactions. The authors
generated a series of mutant constructs
including Hsc70D10N, which disrupts
ATPase activity, and Hsc703KA, which
converts evolutionarily conserved lysines
531, 533, and 539 to alanine, disrupt-
ing membrane interactions. Interestingly,
Hsc70D10N, which is devoid of chaperone
activity, retains its ability to tubulate mem-
branes both in vitro and in vivo, whereas
Hsc703KA fails to tubulate membranes
but has normal chaperone activity. Thus,
oligomerized Hsc70-4 causes membrane
deformation dependent on membrane in-
teractions but independent of chaperone
activity.
Hsc70 has an established role in endo-
somal microautophagy, a process re-
quiring membrane deformation (Sahu
et al., 2011), and the protein is abundant
in the synapse (Wilhelm et al., 2014). It
therefore seemed likely that Hsc70 partici-
pates in endosomalmicroautophagy in the
synapse but assays to test this hypothesisovember 18, 2015 ª2015 Elsevier Inc. 619
Figure 1. Hsc70 Functions in Chaperone-Mediated Protein Folding and Endosomal
Microautophagy
Hsc70 in association with Sgt functions to refold proteins such as the t-SNARE SNAP-25 as well as
assorted cytosolic proteins (top). Following down regulation of Sgt or decreased levels of ATP, Hsc70
switches from a chaperone refolding function to an endosomal microautophagy function (bottom). As
such, it targets proteins to the surface of endosomes where it oligomerizes to help drive curvature and
inward invagination of the endosomal membrane. This targets the cargo to intraluminal vesicles of a
multivesicluar body, for eventual degradation in lysosomes.
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for endosomal microautophagy contain
oneormorecopiesof a pentapeptidemotif
biochemically related to the sequence
KFERQ (Sahu et al., 2011), originally
described for guiding cytosolic proteins
to lysosomes for degradation (Dice,
1990).Uytterhoevenetal. (2015) generated
flies expressing the N- or C-terminal
portions of a fluorescent protein fused
to KFERQ, reasoning that fluorescence
would occur when the two moieties are
concentrated following targeting for
microautophagy. Focusing on the neuro-
muscular junction (NMJ), they observe
that when expressed together, the con-
structs give a fluorescent signal in synaptic
boutons, which is enhanced by overex-
pression of Hsc70. Remarkably, the signal
is also increased in a fly line with loss of
function of small glutamate-rich teratrico-
peptide repeat-containing protein (Sgt).
Sgt is a co-chaperone for Hsc70 that pro-
motes ATPase activity and chaperone
function (Tobaben et al., 2001). Interesting,
Sgt inhibits Hsc70 oligomerization and
Hsc70-mediated membrane tubulation,
consistent with its inhibition of the fluores-620 Neuron 88, November 18, 2015 ª2015 Ecence-based synaptic microautophagy
assay (Uytterhoeven et al., 2015). Taken
together, these data lead to a model
in which Hsc70 oligomerization deforms
membranes contributing to the inward
invagination of intraluminal vesicles re-
quired for synaptic endosomal microau-
tophagy (Figure 1). Interaction of Hsc70
with Sgt switches the function of
Hsc70 away from this activity and toward
chaperone-mediated protein folding. In
this way, Hsc70 controls synaptic protein
quality control in two ways, by refolding
proteins together with Sgt or, if this
fails, targeting proteins to endosomal
microautophagy.
The authors next sought to test the
function of Hsc70 in endosomal microau-
tophagy in vivo. Using transmission
electron microscopy, they find that over-
expression of wild-type Hsc70 or disrup-
tion of Sgt enhances the formation of
synaptic multivesicular structures. They
also explored the turnover of synaptic
proteins that contain microautophagy
recognition motifs. Disruption of the func-
tion of Hsc70 or Sgt enhances or reduces,
respectively, the levels of four differentlsevier Inc.synaptic proteins containing one or more
motifs but has no influence on additional
synaptic proteins lacking such motifs.
For one such protein, comatose (known
in mammals as NSF), mutation of its two
microautophagy recognition motifs ren-
ders it insensitive to changes in Hsc70 or
Sgt function. Since microautophagy stim-
ulates degradation of synaptic proteins,
Uytterhoeven et al. (2015) hypothesized
that the net influence of stimulating this
process is generation of a younger synap-
tic protein pool. This was assessed using
a variant of mCherry fluorescent that con-
verts from blue to red fluorescence over
time (Subach et al., 2009). A transgenic
line containing this fluorescent timer pro-
tein fused to comatose was crossed with
various Hsc70 lines, control or mutants,
revealing that expression of Hsc70 con-
structs that enhance endosomal microau-
tophagy lead to more blue fluorescence,
indicating a younger pool of comatose
protein. Finally, using two-electrode
voltage clamp at NMJs, Uytterhoeven
et al. (2015) discovered that overexpres-
sion of Hsc70-4 or disruption of Sgt func-
tion leads to enhanced mean excitatory
junctional current (EJC) amplitude. There
is no change in miniature EJC amplitude
or in release probability of a vesicle, but
instead the enhanced neurotransmitter
release results from an increase in the
size of the readily releasable pool of
synaptic vesicles. Thus, stimulating endo-
somal microautophagy at the synapse
by releasing Sgt-mediated inhibition of
Hsc70 leads to increased turnover of syn-
aptic proteins, a younger and presumably
more functional pool of synaptic proteins,
and an increased pool of readily releas-
able vesicles allowing for more robust
neurotransmitter release.
The study leaves several outstanding
questions, notably, what causes the
release of Sgt-mediated inhibition of
Hsc70, triggering the switch from chap-
erone function to endosomal microauto-
phagy function? A complex of SNARE
proteins that includes the plasma mem-
brane t-SNARE SNAP-25 drives the
exocytic fusion of synaptic vesicles
(Kononenko and Haucke, 2015). The
conformational quality control of SNAP-
25 is indispensible for the nerve terminal
to fire at high frequency and abnormal
conformers of SNAP-25 accumulate in
an activity-dependent manner, causing
Neuron
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neurodegeneration (Sharma et al., 2011).
It is thus conceivable that reactive interme-
diates produced during the SNARE cycle
could induce a general age-dependent
neurotoxicity (Mattson, 2003). Hsc70/Sgt
form a trimeric complex with the synaptic
vesicle-associated co-chaperone cysteine
string protein a (Tobaben et al., 2001), and
this complexuses thechaperoneactivityof
Hsc70 to refold fusion incompetent SNAP-
25 conformers (Sharma et al., 2011).
Intriguingly, both Hsc70 and Sgt are upre-
gulated with enhanced synaptic activity
(Sharma et al., 2011). It is thus conceivable
that changes in the relative levels of the two
proteins in response to specific patterns of
synaptic activity switch Hsc70 between its
refolding chaperone function and its endo-
somal microautophagy function. As such,
Hsc70 would switch from trying to refold
SNAP-25 to targeting the protein, which
has two microautophagy recognition mo-
tifs, to endosomal microautophagy.
Moreover, Uytterhoeven et al. (2015)
find that ATP prevents oligomerization
and the membrane deformation proper-
ties of Hsc70. Thus, in the presence ofabundant ATP, Hsc70 would function as
a chaperone but, with ATP deficiency, it
would switch to a protein degradation
mode. Remarkably, despite the fact that
ATP synthesis is driven locally in the syn-
apse and there is a large reservoir of ATP,
the incredible metabolic demands of the
synapse means that even brief interrup-
tion in activity-stimulated ATP synthesis
impairs presynaptic function (Rangaraju
et al., 2014). Thus, a simple switch in
the local availability of ATP could provide
an attractive mechanism to balance re-
folding versus degradation of synaptic
proteins.
It is likely that synaptic endosomal mi-
croautophagy is but one of many pro-
cesses that will be discovered to function
in the local environment of the synapse to
ensure the controlled activity of this key
functional unit of the nervous system.REFERENCES
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In this issue ofNeuron, Shen et al. (2015) demonstrate that theM4muscarinic receptor regulates striatal plas-
ticity. The authors use an M4-positive allosteric modulator, which facilitates long-term depression in direct
pathway neurons and reverses aberrant plasticity in levodopa-induced dyskinesia.The basal ganglia’s function in decision-
making and action selection depends on
robust plasticity, driven by sensory expe-
rience and feedback about action out-
comes. Flexible behavior requires bidi-
rectional plasticity: both potentiation and
depotentiation (or depression) of synapticstrengths, which has been studied exten-
sively in the input nucleus of the basal
ganglia, the striatum. A fundamental un-
answered question, however, is how cor-
ticostriatal long-term depression (LTD)
occurs in striatal direct pathway neurons.
While the mechanisms governing indirectpathway LTD have been studied exten-
sively, delineating a parallel mechanism
in direct pathway neurons has proved
more difficult. In this issue of Neuron,
Shen et al. (2015) close the gap in our
knowledge of direct pathway LTD by
demonstrating that type 4 muscarinicovember 18, 2015 ª2015 Elsevier Inc. 621
